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7.  APPENDIX 


ABSTRACT 


Chemical,  mechanical  (geometrical),  electrical  and  thermal  stability 
parameters  of  the  metal-oxide  (i nsulator)-metal  (MOM  or  MIM)  diodes  based  on 
point  contact  and  discontinuous  metal  film  structures  have  been  examined 
exhaustively  for  diode  stabilisation  and  ODtimization  of  performance  for 
mm  wave  and  near  infrared  laser  detection  and  mixing.  Preliminary  observations 
and  analysis  have  indicated  possibility  of  achievino  Iona  term  stability 
with  little  loss  of  the  ultrahich  frequency  of  operation  and  ultrabroad  bandwidth 
of  these  devices.  As  instability  is  qreatly  reduced,  fundamental  physics  of 
the  conduction  mechanism'  and  their  reaimes  of  operation  should  then  be 
unambiguously  analyzed  and  identified.  The  techniques  acquired  have  Ted  to 
the  initial  fabrication  of  thin  *11ni  chin  diode  arrays  ^or  more  efficient 
detection  and  mixing. 
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INTRODUCTION 

The  generally  accented  tunnel  line  nrocess  as  the  dominant 

conduction  mechanism  and  the  majority  carrier  aspect  of  such  a  conduction 

process  have  been  widely  demonstrated  hv  the  ultra-high  frequency  of 

operation  and  ultra-broad  bandwidth  of  the  metal -oxide-metal  (M0M1 

or  metal  -  insulator-metal  (MIM)  diodes.  The  point  contact  version  has  been 

reported  to  perform  mixing  in  the  near  infrared  with  bandwidths  of 

1 

the  order  of  over  a  hundred  (III::.  Despite  its  tremendous  bandwidth  and 

excellent  antenna  property,  the  MOM  point  contact  diode  has  often  been 

faulted  for  its  inherent  mechanical,  thermal  and  electrical  instability 

and  non- renroduc i b i 1 i tv  in  fabrication.  These  undesirable  features 

have  hampered  its  wider  application.  Alternate  thin  film  versions 

have  thus  be*'"  considered  by  us  and  a  number  of  research  groups. 

The  Dhotol  i  thooranhi  c  thin  film  diode  on  substrates  has  been  demonstrated 

to  overcome  mechanical  instability  only.  The  discontinuous  metal  ‘"ilm 
3 

version  with  creator  ease  of  fabrication  and  Potential  to  overcome 
all  the  above  instabi 1 i t ies  is  hoi  no  seriously  considered  hv  us. 

The  metals,  their  geometrical  arrangement  and  shape,  and  the 
naturally  crown  oxides  must  be  explored  exhaustively  in  order  to 
arrive  at  MOM  or  MIM  structures  with,  optimum  stability  and  response. 

In  the  point  contact  version  using  sharp  tungsten  whisker  in  contact 
with  the  naturally  crown  oxide  on  a  nickel  nost  ,  both  the  geometric 
shape  of  the  whisker  ti"  and  nature  and  thickness  of  the  oxide  Inver 
must  be  examined.  Studies  have  1 cd  to  the  establishment  of  an  undamaged 
hooked  tip  with  an  optimum  slender  ratio  and  optimum  oxide  thickness. 


In  tho  discontinuous  metal  film,  island  snacinc,  size  and  island 
material  with  different  work  functions  are  the  parameters  that  ultimatel\ 
determine  diode  performance  and  stability. 

Thus,  the  Performance  and  stability  of  these  diodes  are  extremelv 
dependent  on  the  chemical,  mechancial,  electrical  and  thermal 
properties  of  the  materials  that  compose  the  diode:  the  metals  and 
their  oxides  determine  the  chemical  stabilitv  of  the  oxide  or 
insulator  layer  and  thickness;  the  geometric  shape  of  the  tungsten 
whsiker  tip  in  the  point  contact  version  determines  the  amount  of 
penetration  of  the  tip  into  the  oxide  layer  and  thus  the  ultimate 
oxide  thickness  between  metals  and  the  amount  of  hooking  of  the  tin. 

This  aspect  of  geometric  shaping  <‘or  stability  has  been  extensively 
explored;  oxide  thickness,  island  sDacinr  and  size  naturally  determine 
the  electrical  resistance  of  the  diode,  which  holds  the  key  to 
diode  performance,  stability  and  immunity  to  puncture  due  to  accumulated 
electrostatic  charge. 


STATUS  OF  WORK  ON  MOM  STRUCTURES  AS  DETECTOR  AND  MIXER  DIODES 


ins 
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TUNnSTEN-iilCKEL  MOM  POIXT  CONTACT  DlOnP  STABILITY  PA.IAMb aTRS 

CHEMICAL  STABILITY  PARAMETERS 

Art  outstandina  characteristic  of  the  tungsten  is  its  veil 
Inown  high  melting  point  of  3410°C;  its  extremely  strong 
atomic  cohesion  also  accounts  for  its  mechanical  strength 
and  small  thermal  expar.sior.  These  properties  arr  thus 
utilized  for  mechanical  stability  of  the  tungsten  whisker 
tip  as  the  point  contact  of  the  diode,  especially  under 
intense  focused  laser  radiation.  Furthermore,  tungsten  is 
not  oxidized  to  a  significant  degree  in  the  atmosphere  up 
to  550°C  and  remains  so  up  to  1000°K  reached  under  normal 
laser  irradiation.  Even  at  higher  temperatures,  no  considerable 
contribution  comes  from  the  inside  oxide  layer  due  to  the 

4 ,5 ,6 

metallic  properties  of  formino  the  outside  oxide  layer. 

The  tungsten  whisker  is  generally  etched  from  polycrys tal 1 i re 

wire,  which  is  usually  drawn  with  preferred  grain  orientations 

along  the  wire  axis.  Electrolytic  etching  of  the  wire  produces 

tips  much  smaller  than  the  grains  so  that  the  tip  forms  a 

single  crystal  consisting  of  (111)  faces  with  a  common  110 

axis  along  the  whisker  direction  , 

In  the  tu  ngs  ten-o  n- ni  c  kel  MOM  diode,  the  insulating  layer 

that  forms  the  tunneling  barrier  is  thus  mainly  the  nickel 

oxide,  which  is  one  of  the  best  insulators  in  nature  with  an 

electrical  resistivity  of  1 C  ^  ohm-cm  Ox  i  d  e  layer  thickness 

is  approximately  €-8  A  by  electropolishing  '  and  9-12  %  by 
6 

anodic  oxidation  and  much  greater  at  elevated  temperatures  « 
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Nickel  oxide  layer?  Nave  also  Leer,  formed  ty  initial  p'echamcal 
p o  1  i  shim  in  a  dilute  vina  solution,  ther  etched  with 
phosphoric  acid  and  potassium  die  Prorate  to  achieve  a  clean 
surface,  The  surface  oxide  is  ther  forirea  hy  short  bakir.o 
at  4  5C°C-  Oxide  thickness  varies  vit!  the  duration  of  oxidation. 

G 

Oxide  thickness  formed  in  this  marrer  ranees  from  5  A  to 
1CCG  ?\  t  The  dry  air-formed  oxide  film  at  room  temperature  ia  also 

i  "  8 

6-8  A  in  thickness  and  is  basically  stoichiometric  NiO  . 

?  .  10 

However,  it  has  been  shown  theoretically  and  experinien  :  ly  that 
diode  responsivity  increases  several  orders  of  maanitude  with  jsino 

f  10 

insulator  thickness,  as  a  matter  of  fact,  reachinq  a  maxi  mini  at  1?  A 

Rectification  efficiency  has  been  shown*  to  be  extremely  sensitive 
to  work  function  differences  between  the  two  metals  so  that  dissimilar 
metal  diodes  are  superior.  It  has  also  been  suapested  **  that  Geometrical 
asymmetry  of  the  diode  improves  recti fi cati on  for  any  metal  combinations. 
Thus,  a  aold  whisker  on  a  aold  base  proves  to  be  the  most  efficient 
detector  at  75  GHz  ,  but  cannot  be  used  as  frequency  mixer  and  harmonic 
Generator  in  the  infrared. 

It  is  well  known  that  MOM  point  contact  diodes  present  preat  difficulty 

8 

in  control  of  contact  pressure.  It  is  reported  that  detection  sensitivity 
is  hiahest  when  the  contact  pressure  is  very  low.  Diode  resistance  is  a 
strona  function  of  the  contact  pressure. 


Rectified  vollace  ( r/V ) 


These  circuit  limitations  have  '’su  oeen  demonstrated  by  the  deoendence 
of  detection  sensitivity  on  the  load  resistance  in  the  diode  circuit  as  shown 

be  1  ow . 


Variation  of  rectified  voltage  with 
diode  resistance 


•  / 
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Variation  ot  rectified  voltage  with 
diuu-  resistance. 
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DEPENDENCE  OF  CONDUCTION  MECHANISM  BETWEEN  METALS  ON  OXIDE  FILM  THICKNESS 

Tunnelina  and  Schottkv  emission  are  usually  the  omcesses  Quoted  to  ey.Dlain 

electron  conduction  in  an  MOM  diode.  Thus,  we  have 

7  <— 

T  exp(+aJV/T)  for  Schottkv  emission,  and 
2 

J j  'V  V  exo(-b/V )  for  tunnelino. 

The  current  density  due  to  Schottky  emission  is  thus  an  exncnential  function  of 
temperature,  while  tunnelino  current  density  is  essentially  temperature  indeoendent. 
The  operating  ranees  of  these  two  conduction  processes  are  veil  illustrated  in 
the  f inures  below  ^ 


Relationship  between  the  detected  voltage 
*'««»«  and  the  oxide  thickness  on  the  nickel  post. 


Current-temperature  characteristics  of  the 
diodes  with  various  oxides. 


Fi  a.  3 


Fin.  4 
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These  results  seem  to  indicate  t'^t  rectification  is  quite  sensitive  to 
oxide  film  thickness  and  the  two  conaucti^n  -echamsms  ola.v  their  domi nanf roles 
in  different  ranaes  of  oxide  film  thiciness.  Thus,  tunnel  i  no  is  dominant  for 
thin  oxide  films  and  Schottky  emission  is  rtr-inant  in  thick  oxide  films  at 
elevated  temoeratures.  We  will  thus  confine  our  considerations  to  thin  films 
for  the  fabrication  of  a  temoerature  dependent  diode.  Since  oxide  film  thickness 

is  closely  related  to  diode  resistance,  which  in  f^n  determines  the  amount  of 

3 

rectified  voltaqe  from  the  diode  as  shown  below,  oxide  film  thickness  and  the 
maintenence  of  the  constancy  of  film  thickness  are  the  key  to  the  fabrication  of 
an  optimum  and  stable  diode. 


Diooc  Rf  si  stance  (  *>  ) 

Dependence  of  the  detected  voltage  on  the  _ . 

contact  pressure.  Oxide  thickness  on  the  nickel  post ;  '  ’  9*  ^ 

io  A. 

From  our  experience,  this  so  called  contact  oressure  variation  is  nothing  but 
variation  in  oxide  film  thickness  due  to  penetration  of  the  whisker  tin  into  the 
deposited  oxide  layer.  Thus,  increase  of  contact  Dressure  causes  deeper  penetration 
and  thus  lower  diode  resistance  and  vice  versa.  Hence,  th-.-  authors  noted  that  the 
best  response  occurred  when  the  whisker  was  Just  sen w.-iV  from  the  nickel  Dost  or 
minimum  penetration  since  10  A  is  the  ootimum  thickness  for  the  rectified  voltaoe. 


So  far,  only  dry  air  oxidized  films  have  been  used  in  our  experiments  and 
they  are  less  than  the  optima?)  thickness.  The  improvement  in  diode  stability  is 
thus  rather  impressive,  consider? no  that  we  have  been  oDeratinn  mostly  on  the 
si ani fi cantly  Steen  sloDe  of  the  rectified  voltaoe  versus  oxide  thickness  curve. 

It  is  thus  our  intention  to  orow  thicker  films  so  that  we  operate  the  diode  at 
the  optimiri  thickness  level  with  a  broad  peak.  This  will  further  reduce  the 
sensitivity  of  the  diode  to  oxide  thickness  variation,  resultino  from  many  sources 
such  as  mechanical  vibrations,  thermal  expansions. 
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MECHANICAL  STABILITY  PARAMETERS 

CONTROL  OF  OXIDE  FILM  THICKNESS  AND  CONTACT  PRESSURE  AS  KEY  TO  DIODE  STABILITY 

In  the  case  of  contactina  a  sharp  whisker  tip  with  an  oxide  layer  at  exactly 
the  optimun  thickness,  there  will  be  certain  amount  of  stability  achieved  due 
to  the  flat  top  of  the  rectified  voltage  outDut  versus  oxide  film  thickness  curve. 
Thus  slight  variation  in  the  thickness  between  the  two  metals  will  not  lead  to 
singificant  variation  in  the  rectified  voltage.  However,  for  such  an  arrangement, 
the  sharp  tip  is  at  the  point  of  barely  mak^contact  with  the  oxide  film,  so  that 
any  vibration  induced  variation  in  the  separation  between  the  tip  and  the  Dost 
will  lead  to  periodic  breaking  of  contact  and  thus  open  circuit  at  the  vibration 
frequency.  Such  sensitivity  to  vibrations  cannot  be  tolerated.  Such  a  configuration 
involving  a  sharp  tip  is  also  susceDtible  to  oxide  surface  variations. 

A2 

Such  arrangement  has  been  made  in  some  MIS  diodes,  typically  as  shown  below  . 
Great  Dai  ns  have  been  taken  to  ensure  constancy  of  contact  and  contact  pressure. 
Even  if  we  can  be  convinced  of  the  mechanical  stability  of  such  a  diode,  we  cannot 
believe  such  a  diode  can  be  used  under  reasonably  high  doww radiation,  when 
thermal  expansion  must  be  taken  into  account,  or  even  without  irradiation  except 
room  temperature  variations.  It  must  be  noted  that  we  are  concerned  about  physical 

9 

distance  variations  of  no  more  than  1-2  A.  Then,  there  is  the  question  of 

9 

very  slight  mechanical  vibrations  of  1-2  A  amplitude.  No  doubt  the  high  electric 
field  at  the  sharp  tip  due  to  accumulated  stati c  charge  is  often  observed  to 
puncture  the  oxide  layer. 


Crow  M-rtinniil  view  of  encapsulated  |ioint 
contact  pilot oilim If. 
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A  natural  step  that  can  be  adopted  to  alleviate  most  of  the  above  difficulties 
is  to  alter  the  contacting  arranaement.  A  thicker  than  optimum  oxide  layer  can 
be  grown,  and  the  sharp  tip  is  allowed  to  penetrate  the  oxide  layer  to  reach  the 
ootimun  thickness.  In  the  process  of  penetration  the  sharp  whisker  tip  is  expected 
to  hook,  creating  a  reasonably  larae  contact  area  inside  the  oxide  film  and 
providing  via  the  hook  some  measure  of  a  cushioning  effect.  The  key  of  the  success 
of  this  scheme  lies  in  the  controlled  etchino  of  the  sharp  whsiker  tip  to  achieve 
a  so  called  ootimun  slender  ratio  -  ratio  of  the  taoered  shaft  lenqth  to  the  tip 
diameter.  An  optimum  slender  ratio  is  defined  as  the  shape  parameter  that  will 
ensure  hookino  of  the  tin  with  minimum  damage  to  the  tio  and  minimum  diversion  of 
the  tip  from  the  elbow  or  contact  area.  This  thus  calls  for  careful  reexamination 
of  the  electrolytic  etchino  process  of  the  tungsten  whisker. 
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TUNGSTEN  WHISKER  TIP  DEFINITION 

It  is  through  the  careful  and  consistent  definition  of  the 
physical  state  :  damaged,  blunted,  hooked  and  undamaged,  of  the 
whisker  tip  of  the  MOM  point  contact  diode  that  we  have  been  able 
to  arrive  at  a  single  design  parameter  of  the  undamaged  hooked  tip 
coined  by  us  as  the  slender  ratio.  The  shape  of  the  hook  controls 
the  stability  of  the  diode  with  no  significant  loss  in  tip 
respons i vi ty . 

The  slender  ratio  is  designed  by  reexamining  systematically 
the  fabrication  process.  This  process  involves  two  steps:  etching 
of  the  tip  and  contacting  of  the  tin  with  the  nickel  Dost. 

At  a  certain  voltage  between  electrodes  and  KOH  solution 
concentration,  the  single  factor  that  determines  the  slender  ratio 
is  the  depth  of  immersion  of  the  tungsten  wire  in  the  solution. 

The  simultaneous  etching  of  the  portion  of  the  wire  covered  by  the 
miniscus  and  the  submerged  portion,  with  the  latter  providing 
an  additional  conduction  path  served  to  prolong  miniscus 

etching  in  proportion  to  immersion  depth  up  to  a  certain  depth. 

Tips  with  different  slender  ratios  are  then  mounted  for 
contact  with  the  nickel  post.  Hooks  are  formed  during  this 
contacting  process.  The  shape  of  the  hook  is  determined  by  the 
slender  ratio  and  the  carefully  applied  contacting  stress  or 
pressure.  An  appropriate  amount  of  stress  is  defined  as  that 
which  achieves  diode  stability  and  reasonable  sensitivity.  Excessive 
stress  will  produce  excessive  hooking  in  very  slender  tips,  i.e., 
tips  of  large  slender  ratio,  and  blunting  or  damage  in  stout  tips 
or  tips  with  small  slender  ratio. 
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Diode  stability  is  classified  accordina  to  origin  as: 
mechanical,  heating  and  electrical.  The  unique  feature  of  the  hook 
provides  some  cushioning  for  mechanical  vibrations,  a  free  end 
for  thermal  expansion  and  contraction,  and  a  rounded  bend  in 
the  oxide  junction  area  and  thus  less  susceptibility  to  electric 
charge  buildup  and  puncture.  All  these  conjectures  have  been 
proven  to  be  true. 

With  proper  hook  shaping,  sharp  tip  field  enhancement  in 
the  junction  area  is  not  significantly  degraded  if  the  sharp  tip 
is  not  too  far  away  from  that  area.  In  V  band  mixing  experiments, 
the  MOM  diode  has  demonstrated  its  superior  bandwidth  at  this 
stage  of  fabrication  to  commercial  units. 

It  is  thus  believed  that  with  some  more  work  in  packaging, 
the  point  contact  MOM  diode  may  prove  to  be  a  field  applicable 
device  with  sensitivity  comparable  to  MIS  units  and  bandwidth 


not  matched  so  far. 
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The  standard  electrolytic, sol  f-tonnin.'iting  process  Tor  etching  the 
t mips ten  wire  in  AN  K01I  solution  was  adopted  .  The  applied  ac  volt ape,  conduction 
current  and  depth  of  tip  immersion  were  care  full v  monitored  and  controlled.  The 
etching  process  was  scrutinized  under  a  100  x  microscope.  Although  it  is 
generally  believed  that  the  mi m sens  around  the  immersed  wire  determines  the 
profile  of  the  etched  tin,  we  found  that  wire  immersion  denth  was,  within 
a  certain  range,  also  a  controlling  factor  hi-  proving  an  additional  conduction 
path,  which  prolonged  the  etching  process.  Thus,  deep  immersions  produced 

long,  slender  tips,  while  minisctis  etching  dominated  for  shallow  immersions, 
leading  to  sharp  tips  with  shart  shafts.  The  ti d  profile  was  conveniently 

characterized  by  a  slender  ratio,  i.e.  ,  the  ratio  of  the  shaft  length  to  tip 
diameter.  A  tip  with  optimum  slender  ratio  is  defined  as  one  that  will 
penetrate  the  oxide  layer  with  minimum  damaoe  and  sufficiently  to  produce 
high  responsivity  and  be  minimally  bent  so  as  not  to  increase  the  contact 
area  appreciably. 

The  bent  tip  has  often  been  encountered  by  workers  in  this  field,  but 
viewed  negatively  because  of  possible  damage  imparted  on  it,  it  uncontrollabi li ty 
and  the  possibility  of  increased  contact  area,  thus  increased  capacitance. 

However,  it  has  also  been  argued  that  the  simultaneous  reduction  in  diode 
resistance  may  compensate  the  increase  in  capacitance  so  that  degradation 
in  diode  performance  is  debatable.  Uncontrollability  can  definitely  be 
removed  by  controlling  the  slender  ratio.  It  is  on  this  basis  and  our 
preliminary  experimental  observations  of  no  noticeable  reduction  in 
responsivity  that  we  decided  to  define  and  investiciate  systematically 
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the  possibility  of  exploiting  this  hook  lent  lire  to  improve  diode 
stability  . 

Absence  of  the  sharp  tip  in  the  contact  region  will  certainly 
reduce  vulnerability  to  electrical  shocks.  Spring  action  of  the  hook 
cusions  quite  well  mechanical  vibrations  affecting  the  free  standing 
whisker.  Susceptibility  to  heating  is  present  in  varying  degrees  m 
the  metal  island,  printed  circuit  and  free  standing  versions,  with 
the  last  two  affected  the  most.  This  is  almost  nonexistent  in  the 
hooked-tip  version,  in  which  thermal  expansion  and  contraction  occur 
at  the  free  end  and  not  in  the  junction  area. 

Most  of  these  conjectures  were  confirmed  in  our  experiments.  Thus, 
the  shape  of  the  whisker  tip  character  iced  by  its  slender  ratio  can 

controlled  and  reproduced  through  strict  control  and  maintenance 
cf  the  etching  parameters.  The  ratio  is  the  governing  factor  of  the 
eventual  hook  contour  following  tip  penetration  into  the  oxide  layer. 

There  is  trade  off  between  stability  and  responsivitv  only  in  the  sense 
when  the  tip  is  excessively  hooked  because  of  too  slender  a  shaft, 
resulting  in  insufficient  penetration  of  the  oxide  layer  and  excessively 
large  contact  area.  The  range  of  slender  ratios  for  acceptable  per¬ 
formance  is  rather  large.  Many  whiskers  were  fabricated  and  tested 
at  X  band,  V  band  and  at  C07  laser  frequency  on  an  optical  table  purposely 
without  provision  for  removal  of  normal  room  vibrations. 

Typical  experimental  data  on  sharp  tip  detection  in  the  infrared 
arc  presented.  The  improvement  in  stability  once  the  hook  was  formed 
was  dramatic.  We  have  yet  no  long  term  stability  data  lover 

days  or  months),  but  our  rather  casual  handling  of  the  diode  mount 

and  repeated  observation  of  stable  detection  with  a  hooked  tip, 
were  convincing  evidence  of  possible  long  term  stability. 
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Resporsivity  improved  as  contact  pressure  was  reduced  by  no  more 
than  two  to  three  fold,  while  instability  increased  significantly. 

This  may  be  indicative  of  the  RC  independence  of  diode  ner'ormance 
to  first  order  so  that  the  hoc  bed  contour  should  be  a  sound  basis 
for  a  stable  device. 

Creation  of  a  free  end  is  the  s i nq 1 e  most  important  feature 
of  this  improved  diode,  enabling  it  to  avert  the  major  heating 
instability  resulting  from  thermal  expansion  of  the  whisker  tip. 

Heating  effect  is  definitely  present  as  evidenced  in  the  extreme 
case  of  an  unchopped  laser  team  and  the  observation  cf  a  regular 
pulse  train  due  to  making  and  breaking  of  contact  of 

the  whisker  with  the  nickel  post,  the  former  due  to  thermal  expansion 
of  the  whisker  and  the  latter,  its  retraction  after  heat  sinking 
by  the  post.  This  phenomenon  was  not  observed  in  the  case  of  the 
hooked  tip.  Departure  of  the  detected  signal  from  a  rectangular  wave¬ 
form  cast  doubt  on  the  true  nature  of  detection,  such  as 

possible  heat  induced  diode  resistance  variation  at  the  chopper  soeed. 
This  was  removed  by  changing  chopper  speed  and  observinq  no  signi¬ 
ficant  change  in  detected  signal  amplitude.  This  form  of 

instability  is  unavoidable  at  high  incident  powers,  but  shoulo  play 
no  part  in  the  device  as  a  mixer. 

Another  often  reported  and  analyzed  effect  is  polarity  reversal, 
which,  interestingly  enough,  was  not  observed  with  the  hooked  tip. 

It  was  freauently  encountered  durina  the  early  part  of  our  work 
with  the  sharp  tip  and  again  in  the  case  of  the  hooked  tip  only 
when  it  was  withdrawn  to  the  point  of  breaking  contact. 

This  suggests  that  polarity  reversal,  though  may  be  of  fundamental 
interest,  is  another  form  of  instability  associated  with  the  sharp  tip. 
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These  improvements  in  stability  have  been  demonstrated  in  the 

free  standi ng  roint  contact  diode,  and  should  be  applicable  to  the 

printed  circuit  version.  The  removal  of  the  effect  of  thermal 

exoansion  of  the  tip  is  the  most  important  feature.  Thus,  not  only 

can  this  device  be  used  as  a  high  power  infrared  detector,  but  also 

as  an  efficient  and  stable  mixer,  where  high  power  stability  is 

essential,  since  its  efficiency  is  proportional  to  local  oscillator 

power  level.  The  tremendous  bandwidth  has  also  been  recently  reported 
1 

at  1 70  GHz 

Possibility  of  long  term  stability  study  is  being  considered 
since  it  involves  strict  maintenance  of  environmental  conditions, 
such  as  vibrations,  room  temperature,  draft  conditions,  etc.  The 
biconical  antenna  model  of  the  long  wire  version  also  needs 
revision. 


ALTERNATE  MJM  STRUCTURES 


Photol i tnooranhi c  Drintcd  circutis  "  have  been  proposed  as  alternate  MON 
structures.  No  particularly  encouraoinr  results  have  been  reported.  These  MOM 
structures  deposited  on  class  substrates  will  remove  mechanical  i nstabi 1 i ty . 
However,  these  are  essentially  metal-insulatprfsuhstrate)-metal  devices  since 
no  fabrication  of  a  T  A  oxide  film  thickness  is  nossible  with  current  technolooy. 
Such  diodes  thus  tend  to  have  very  low  resoonsi vi ty.  Furthermore,  the  sharD  tin 
structure  is  still  present  so  that  thev  are  aoain  not  immune  to  thermal  and 
static  shock  instabilities. 

We  have  so  far  conducted  substantial  amount  of  work  towards  the  development 
of  a  discontinuous  metal  film  MOM  diode  by  snutteri nci  various  tynes  of  metals  onto 
a  alass  substrate  at  very  short  durations.  Accordino  to  theory  ",  metals  islands 
are  formed  on  the  substrate  with  separation  between  islands  hiqhly  dependent  on 
the  deposition  rate,  and  achievino  distances  from  0  to  40  A.  With  the  understand! nc 
pained  from  the  ooint  contact  diode  work,  we  he'll  eve  we  can  achieve  the  oPtimun 
island  separation  of  1?  A.  Other  parameters  can  also  be  employed  such  as  the  use 
of  dissimilar  metals  or  metals  with  naturally  very  thin  oxide  layers  of  hi  oh 
resistivity.  Some  of  our  preliminary  experimental  results  are  aiven  below. 


. .  u 


CHARACTERISTICS  CP  S  I  fiH  L  E  -  L  VC*  S  I  SCOUT  1 1 1  ' n  I  ’  S  1‘ETAL  -IL”S 

In  the  initial  phase  of  continuous  metal  film  deoosition,  the  denosited 
film  structure  is  discontinuous,  consistino  of  a  larae  numper  islands  on  a 


substrate  and  orowina  in  size  as  metal  atoms  accumulate  on  the  substrate. 


In  films  with  hioh  density  of  small  islands,  direct  tunnelino  will  be  the 
principal  conduction  mechanism.  However,  as  the  distance  between  islands  and 
the  sizes  of  the  islands  are  increased,  the  conduction  process  becomes  complicated. 
Thus,  other  models  of  conduction  have  been  proDosed,  such  as  conduction  via 
imourity  levels  of  the  substrate  material,  thermal  excitation  of  electrons  in 
the  islands  and  thermal  emission  of  electrons.  Domains  of  operation  of  the 


various  conduction  mechanisms  have  thus  been  proposed  as  shown  below. 

D  rnenS’OHS 
Of  Isljno 


A  discontinuous  metal  film  corresDondi  no  to  reoion  A,  where  direct  tunnelino 


is  the  dominant  conduction  mechanism,  consists  of  a  lame  number  of  M-I-M 
junctions  connected  in  series  and  parallel.  When  an  el  ectromacneti c  wave  is 
incident  on  such  an  array,  sipnals  detected  by  individual  junctions  are  sunmed. 

The  Drooer  cnoice  of  arrays  can  ensure  a  larae  outnut  sional,  and  thus  compensates 
the  absence  of  the  Iona  wire  antenna  cf  the  noint  contact  diode.  Such  a  structure 
is  mechanically  stable,  and  with  prrner  desion  (to  be  discussed)  can  also  be 
thermally  and  electrically  stable. 


The  standard  vacua”)  deposition  techniaue  is  employed.  Various  metals  were 
tested  with  no  detection  on  Ni  and  A1  films  due  oossibly  to  the  ready  natural 
oxidation  of  such  islands,  which  increases  the  SDacinn  between  i si ands . Di sconti nuou 
gold  films  are  successful,  but  film  resistance  is  unstable.  However,  Doth  larne 
and  small  islands  are  present,  with  the  latter  actina  as  noise  sources. 

In  our  attempt  to  construct  discontinuous  metal  film  diode  as  hi  oh  freauency 
detector  with  low  noise,  high  sensitivity  and  stability,  it  stands  to  reason  to 
fabricate  ~i  lms  in  which  direct  tunnel  inn  is  the  dominant  conduction  mechanism. 

It  is  known  that  *i 1ms  of  palladium  or  ol  ati  n jn-Dalladi  in  deoosited  on  class 
substrates  provide  stable  islands  of  extremely  small  size.  However,  such  films 
normally  nresent  high  sheet  resistance  of  several  mea-ohms  and  low  sensitivity. 

Such  hi  oh  diode  resistance  is  easily  loaded  by  external  detection  circuits  . 

Multi-layer  *ilm  structures  have  therefore  been  suoaested,  consisting  of 
oal ladi um-olati nin  film  deoosited  on  oold  discontinuous  film.  Gold  film  is 
first  deposited  to  give  a  film  resistance  in  the  hundred  kiloohm  ranee,  and 
this  is  reduced  by  Pt-Pd  film  down  to  the  ten  kiloohm  ranne.  The  Pt-Pd  islands 
are  observed  to  be  situated  between  larcer  gold  islands.  Such  a  multi-layer  is 
stable  and  demonstrates  imoroved  noise  nronerty,  sensitivity  and  life. 

The  relationshio  ic tween  film  resistance  and  detection  sensitivity  is 
shown  below.  The  droo  in  sensitivity  in  the  low  resistance  ranoe  is  obviously 
due  to  the  formation  of  a  oronressi vely  continuous  film,  and  that  towards  the 
high  resistance  range  due  to  increasina  departure  from  the  direct  tunnel ina 
domain.  There  is  also  the  circuit  condition  that  very  little  si  anal  can  be 
extracted  from  the  diode,  which  has  either  extremely  low  or  extremely  high 
internal  resistance.  f  O.m.t 


'"-i  v.-;e  ol  f  d 

Si  isiuvity  vs.  resistance  ut  linn  ulus. 
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STABILITY  PARAMETERS  OF  THE  DISCONTINUOUS  M-I-M  FILM 


MECHANICAL  STABILITY  -  this  is  considered  to  have  been  overcome  by  the  deoosition 
of  such  films  on  glass  substrates. 

THERMAL  STABILITY  -  If  film  deposition  is  such  that  the  diode  will  be  operating 
in  the  direct  tunnelino  reoion,  the  conduction  current  is  not  a  function  of 
temperature.  However,  under  intense  irradiation  either  by  microwaves  or  the 
laser,  there  will  be  some  thermal  expansion  of  the  metal  islands.  Variations 
in  inter-island  spacing  can  be  extremely  significant  due  to  its  extremely 
small  dimension.  It  will  therefore  be  quite  advantageous  to  select  a  spacino 
such  that  we  are  operating  on  the  flat  top  of  the  detection  sensitivity  versus 
island  spacino  (or  diode  resistance)  curve.  The  diode  should  then  be  able  to 
tolerate  certain  amount  of  spacing  variations  without  serious  effects  on  the 
detection  sensitivity. 

FABRICATION  STABILITY  OR  REPRODUCIBILITY  -  The  above  flat  too  reoion  of  operation 
of  the  diode  will  also  lead  to  larger  tolerance  in  film  deoosition. 

SUSCEPTIBILITY  TO  ELECTRIC  SHOCKS  -  Optimun  inter-island  spacing  will  also 
lead  to  lower  susceptibility  to  puncture  of  insulator  layer  due  to  accumulated 
electrostatic  charoe. 

STABILITY  TO  FILM  AGING  -  This  is  caused  either  by  instability  of  the  metal, 
or  the  insulator  layer  between  islands.  Thus,  metal  combinations  will  be 
explored  which  give  best  stability  of  both  of  these  factors.  Metals  with  very 
stable  natural  oxides  will  be  studied  again  since  the  oDtimum  flat  top  response 
is  situated  at  an  inter-islans  spacing  larger  than  the  thickness  of  such  oxides. 
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DISCONTINUOUS  MIM  EILM  DIODE'  PERFORMANCE  PARAMETERS 


RECEIVING  PROPERTY  -  It  does  not  have  t^e  Iona  wire  antenna  so  that  as  manv 
islands  as  possible  must  be  included  in  the  diode  strin  . 

RESISTANCE  PROPERTY  -  The  islands  must  be  sufficient  close  to  ensure  the  direct 
tunneling  mechanism,  ana  sufficiently  far  away  to  oive  sufficient  diode  resistance 
for  optimum  flat  too  ooeration. 

DIODE  CIRCUIT  OPTIMIZATION  -  The  diode  may  have  to  be  loaded  and  biased  for 
best  detection  response  for  a  particular  inter-island  spacino  and  particular 
metal  islands. 
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V-BAND  DETECTION  AND  MIXING 

Follwoing  our  success  at  X  band,  we  happened  to  have  V  band 
equipments  available  and  felt  we  could  provide  a  broader  bandwidth 
test  for  the  MOM  diode  of  up  to  as  much  as  near  10  CHz. 

In  the  process  of  familiarization  with  these  eouipments,  we 
performed  the  detection  experiments  first.  These  were  Imnatt  diode 
sources  with  a  7  GHz  tunability  and  no  internal  modulation.  A  ferrite 
switch  was  thus  incorporated  in  the  microwave  plumbing  to  act  as 
a  modulator  (see  schematic  in  Fig.  8). 

At  this  stage  we  had  decided  that  unless  we  achieved  some  measure 
of  stability  of  the  diode,  we  could  not  perform  the  mixing  tests. 

This  was  a  necessary  condition  since  with  such  bandwidth  (7-10  GHz) 
in  mind  and  no  spectrum  analyzer  of  this  bandwidth  available,  it  would 
be  virtually  impossible  to  find  the  beat  of  two  V  band  sources  and 
an  X  band  source  (three  frequency  beating)  and  display  it  on  the 
narrowband  scope  amidst  the  noise  generated  by  instabilities. 

Full  scale  etching  studies  were  launched  at  this  point  to 
correlate  the  slender  ratio  with  diode  detection  performance. 

Our  efforts  are  graphically  demonstrated  in  Figs.  9-13.  It  is  auite 
evident  that  as  slender  ratio  value  increases,  so  does  stability  of 
the  diode  with  no  significant  sacrifice  in  resDonsivity.  Short 
term  stability  over  hours  was  achieved  with  repeatability. 


X  Sind 


f, 


Fig.  8  .  Experimental  set-up:  V-band  radiation  detection  and 
mixing. 
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Commer.  t : 


Before  Test 


After  Test 


The  point  is  blunt>  with  a  small  slender  Ratio.  The  response  was 
0.2ntv  volts  peak  to  peak  and  unstable.  No  hook  was  formed. 
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Comment:  The  spikes  on  the  MOM-detector  response  result  from  channel  feed- 

though  of  the  ferrite  Switch  driver  Voltage  (20v).  Response  was 
quite  stable. 
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Comment:  The  response  on  2mv  Scale  is  taken  with  reduced  contact  pressure 
Response  is  high  and  reasonably  stable. 
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As  an  after  thought,  the  ?* Of '  diode  was  compared  with  the  commercial 
V  band  diode  for  freouency  response  bv  varying  the  switching 
frequency.  Vivid  demonstration  of  the  superiority  of  the  MOM  diode 
aDpears  in  Figs.  14,  15.  A  note  of  caution  is  that  the  MOM  diode 
is  in  an  open  structure,  while  the  commercial  diode  is  packaged  so 
that  its  freouency  cutoff  may  be  due  to  packaging  paras i tics  rather 
than  paras i tics  of  the  diode  itself. 

The  commercial  diode  also  did  not  respond  in  the  waveform  of 
the  switching  voltage,  while  its  soikino  was  easily  picked  up  the 
MOM  diode. 

As  the  necessary  next  step,  the  diode  was  tested  for  long 
term  stability.  Since  only  one  diode  mount  was  available,  the 
diode  was  tested  for  a  maximum  of  21  days  with  the  results  shown 
in  Fig.  16.  In  this  test,  the  diode  mount  was  enclosed  to  keep  out 
draughts  in  the  room,  and  no  adjustments  were  made  during  the 
entire  period.  After  this  period,  for  curiosity  contact  pressure 
was  reduced  as  the  tip  was  pulled  away  from  the  post  and  the  diode 
response  and  stability  observed.  Response  increased  somewhat,  but 
deterioration  in  stability  was  evident. 


Longterm  stability  study,  detection  lasted  for  weeks 
Notice  that  the  signal  is  noise  free. 


Only  when  stability  of  the  diode  was  achieved  did  we  qo  ahead 
with  the  nixing  experiment.  The  t w o  V  band  sources  were  nulled 
ipart  in  frequency  to  about  7  GHz,  a  value  that  could  be  readily 
beat  with  the  tunable  X  band  source.  The  )'  band  was  modulated  for 
better  indication  on  the  scope,  while  the  I m p a 1 1  sources  ran  C W . 

Since  V  band  freouency  meter  was  available,  it  was  not  difficult 
to  set  the  frequencies  of  the  V  hand  sources  and  their  difference 
calculated.  The  X  band  source  was  then  tuned  to  this  difference 
frequency  with  the  final  beat  shown  very  well  on  the  scooe.  Since 
the  scope  was  narrowband,  roll  off  of  the  beat  was  ouite  rapid. 

Two  versions  of  the  beat  signal  with  two  different  whiskers  are  shown 


hisker  with  a  different  slender  ratio  produced  a  slightly 
different  mixing  response. 


DYNAMICS  OF  CONTACTING  OR  HOOKING  OF  WHISKER  TIP 

There  are  so  far  two  ways  of  contacting  o'"  hookina  the  tip 
with  the  proper  slender  ratio.  We  believe  one  wav  will  lead  to 
better  stability  for  the  diode  than  the  other.  The  dynamics  of 
both  contact  methods  is  shown  in  Fig.  19. 

Since  we  believed  that  sufficient  contact  pressure  had  to  he 
brought  about  at  the  whisker  tip  before  a  hook  would  form,  in 
contacting  method  1,  the  tip  was  advanced  towards  the  nickel  post 
until  an  electrical  short  was  registered.  This  was  our  indication  of 
the  formation  of  a  hook,  and  the  tip  was  retracted  gradually.  The 
retraction  steps  were  such  that  at  every  step  the  tip  was  left 
untouched  for  a  period  to  see  whether  stability  could  be  established. 
The  response  would  be  low,  but  stability  high  as  shown  by  curve  1 
in  Fig.  19a.  In  order  to  improve  response,  further  retraction  of  the 
tip  was  made  until  another  point  of  stability  was  reached  as  in 
curve  2.  The  condition  represented  by  curve  4  was  highly  unstable, 
but  with  corresponding  high  response.  Our  efforts  were  then  to 
maximize  the  response-stability  triangle  area.  However,  an  additional 
controlling  parameter  must  be  considered  and  this  is  the  initial 
tilt  of  the  triangle,  which  is  totally  a  function  of  the  slender 
ratio.  Thus,  in  Fig.  19b,  the  whisker  with  slender  ratio  2  is  better 
than  that  with  slender  ratio  1. 

We  finally  realized  that  in  this  procedure  contact  pressure 
of  the  tip  was  maintained  by  the  hook  itself  through  its  own 
relaxation,  which  was  highly  unpredictable.  This  stability  condition 
became  increasingly  sensitive  to  the  decreasing  contact  pressure. 
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which  was  increasingly  unpredictable.  We  are  thus  always  faced  with 
a  compromise  situation  between  stability  and  resDons  i  vi  tv .  However, 
we  do  know  that  the  hooked  structure  can  nrovide  a  remarkable  decree 
of  mechancial  stability  for  the  point  contact  diode  as  lono  as  the 
stress  at  the  contact  point  is  maintained. 

Contacting  method  2  was  implemented  precisely  to  achieve  this 
goal  -  maintenance  of  constant  contact  pressure.  This  procedure 
consisted  simply  of  reversing  the  contactino  method  1.  Thus,  the 
sharp  whisker  tip  was  brought  in  contact  with  the  nickel  post  with 
great  caution.  Contact  pressure  was  increased  very  slowly,  and  its 
V  band  detection  monitored.  Once  a  detected  signal  of  sufficient 
amplitude  and  stability  was  observed,  the  tip  was  left  in  that 
position  under  presumably  constant  stress. This  procedure  was  applied 
to  a  number  of  tips  with  different  slender  ratio  with  convincing 
indication  that  we  are  moving  in  the  correct  direction.  Typical 
result  is  shown  in  Fig.  19  b  (the  curve). 
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Fig.  19.  Diode  resDonse  versus  temporal 
stability  curves 


41 


HEATING  STABILITY 

V  -  b  a  n  d  detection  v:as  f  i  r  ;;  t  established  and  stab  lined  with 
the  formation  of  the  hooked  tip.  The  MOM  diode  was  left  undisturbed 
over  a  period  of  a  few  days  so  as  to  ensure  stability.  The 
approximately  aliened  C0-,  laser  beam  with  respect  to  the  MOM  junction 
area  was  then  focused.  The  MOM  point  mounted  on  an  translation 

state  was  then  moved  into  the  focal  region  of  the  laser  beam.  The 
laser  beam  was  chopped  so  that  it  could  be  detected  on  the  MOM  diode. 
Observed  detection  of  the  infrared  radiation  demonstrated  the 
capability  of  the  MOM  diode  as  an  infrared  detector,  and  also 
pinpointed  the  spot  of  incidence  of  the  laser  radiation.  Maximum 


detected 

signal 

indicated 

the  exact 

hit  of 

laser 

radiation  on  the 

junction 

ar  ea . 

The  chopper 
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removed 
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The  V  - 

band  signal 

v i C  h  and 

without 

o 

o 

hj 

laser  heating  was 

recorded.  The  laser  beam  was  also  chopped  at  different  speeds  so 
as  to  "ary  the  amount  of  heating.  Detected  signal  did  not  vary 
more  than  two-fold  in  the  entire  heating  range  with  C0?  laser 
power  peak  at  6  watts.  Some  of  the  results  are  given  in  Fiq.  20. 

Heating  by  the  laser  beam  was  quite  considerable  since  in  one 
instance  portion  of  the  tungsten  whisker  was  evaporated.  It  appeared 
to  us  at  this  stage  that  the  hooked  tip  feature  of  the  MOM  point 
contact  diode  could  successfully  remove  the  major  ins t a b i 1 i t i as  of 
mechanical  vibration  and  incident  radiation  heating.  The 

latt.-r  is  inherent  in  ail  ether  alternate  MOM  structures  such  as 
;i:  urn  tip  with  a  locp  and  thin  film  structures. 
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Fig.  20.  V  band  detection  under  laser  heating 


INFRARED  DETECTION  «ND  STABILITY 


In  parallel  with  the  V  band  experiments,  the  MOM  point 
contact  diode  was  also  tested  for  detection  of  10.6  micron  CO  £ 
laser  radiation.  The  open  structure  of  the  diode  mount  provided 
easv  access  of  any  type  of  radiation  to  the  diode  simultaneously. 

The  laser  radiation  was  focused  onto  the  diode  junction  area 
with  a  Ge  lens  after  the  beam  was  chopped  for  modulation.  Focusing 
was  necessary  both  for  concentrating  laser  power  at  the  junction 
area  and  localizing  the  radiation  so  as  not  to  overheat  other 
portions  of  the  diode.  Laser  line  mixino  was  not  attempted  in 
this  series  of  experiments  due  to  lack  of  eauipments  such  as 
another  frequency  stabilized  laser  with  fine  tuning,  and  other 
auxiliary  equipments  such  as  mm  wave  harmonic  chains  to  provide 
a  harmonic  suitable  for  beating  with  the  laser  difference  freouenc.v 
that  could  be  displayed  on  commercial  spectrum  analyzers.  This 
series  of  experiments  were  aimed  at  stability  studies  in  infrared 
detection  with  the  assumption  that  stability  results  were  applicable 
to  mixing. 

The  first  detection  experiments  were  with  unhooked  tips, 
and  the  observed  results  are  s hown  in  Fig.  21.  As  expected,  the 
response  was  high  but  extremely  sporadic,  and  did  not  correlate 
with  the  chopping  frequency.  Spiking  continued  in  a  regular  fashion 
even  when  the  chopper  was  removed,  indicating  that  laser  heating 
of  the  tip  was  taking  place,  which  caused  expansion  of  the  tip  into 
the  oxide  layer  until  it  came  in  contact  with  the  nickel  post. 

The  latter  then  acted  as  a  heat  sink,  coolina  the  tin,  which 
contracted  until  contact  was  broken.  The  tip  was  reheated  by  the 
laser  radiation  and  the  above  process  repeated  once  more,  resulting 
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in  the  appearance  of  a  pulse  train,  although  the  chopper  was  removed. 

No  such  spiking  was  observed  once  a  hook  was  formed.  Generally, 
the  detected  signal  followed  the  chopping  freouency,  indicating 
the  heating  effect  was  essentially  removed.  The  signal  waveform 
varied  somewhat,  depending  on  the  whisker  slender  ratio.  Thus, 
too  large  a  slender  ratio,  i.e.,  very  slender  whiskers,  leads  to 
excessive  hooking  and  a  response  with  a  slower  rise  time.  Typical 
hooks  and  their  responses  are  shown  in  Figs.  23-25. 

To  further  assess  heating  effect,  the  chopping  frequency  was 
varied  from  a  few  Hz  to  2000  Hz.  Accoridng  tc*  the  results  shown 
in  Fig.  24,  the  amplitude  of  the  response  remained  approximately 
constant,  indicating  that  the  waveforms  displayed  were  not  due  to 
heating  and  cooling  cycles  of  the  tip  as  concluded  in  the  case 
of  sharp,  unhooked  tips. 


Response  of  a  short,  sharp  whisker 


Discontinuous  metal  film  -  x,  V  bald  detection  and  mi/jnf  experiments 

Vo  have  becun  a  sv  s  t  err.a  t  i  c  test::'.  .•  e-  ti'.o  discontinuous  : 
diodes.  Blunt  tip  and  aold-ball  tip  oro’res  are  used  as  electrical  .  o  r 
in  an  attempt  to  eliminate  nonlinearity  of  the  T-V  charact  eri i  t  e 
due  to  sharn  tin  effects.  X  band  detection  was  first  attenuated  to 
acquaint  ourselves  with  the  detection  chract eri s t i cs  of  these  films. 

X  band  mixing  experiments  then  followed  to  ensure  that  the  signal 
obtained  is  genuine  signal  from  the  MOM  diode.  V  band  detection  was 
then  performed.  Experiments  are  still  in  progress  on  V  band  detection 
and  mixing  tests  of  various  types  of  films  and  geometries. 

The  data  obtained  so  far  are  shown  in  the  figures  and  tabulated. 
The  general  conclusions  reached  are  as  follows:  Pd-Au  combination 
films  are  superior  in  performance  to  PJ  films  due  possibly  to  the 
difference  in  work  functions  of  the  dissimilar  metals;  the  films 
deposited  have  too  low  a  film  resistance,  meaning  that  the  islands 
are  too  close  together,  leading  to  great  difficulty  in  tapping  the 
rectified  voltage  from  the  film.  Film  resistance  is  artificially 
raised  by  deliberately  making  poor  contacts  between  the  probes  and 
the  film,  and  this  leads  to  instability  of  the  signal,  a  feature  we 
would  like  to  eliminate  with  thin  films  deposited  on  glass  substrates 

Figure  29.  Fas  obtained  with  freshly  deposited  Pd-Au  combination 
film.  The  detected  x  band  signal  is  quite  stable  over  a  short  time, 
and  was  dependent  on  the  contact  resistance  of  the  diode.  Thus  the 
signal  was  enhanced  substantially  by  raising  diode  resistance  through 
the  probe  tins  from  170  ohm  to  1  K  ohm  fFig.  29.2). 

Figurc29.3gives  the  result  of  x  band  detection  on  Td-onlv  film. 
Film  resistance  is  higher  due  to  absence  of  gold,  and  the  detected 
signal  was  lower  as  anticipated  due  to  the  similarity  of  the  metal 
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In  an  attempt  to  improve  stability,  we  chance  one  of  the  probes 
to  a  gold  ball  tip  (the  other  probe  remains  to  be  a  blunt  tip  ). 

There  was  substantial  reduction  in  the  sensitivity  of  diode  resistance 
to  contact  pressure  between  probe  and  film.  X  band  mixine  was  achieved 
and  shown  in  Fig. 29.4V  band  detection  was  attempted  to  no  avail. 

We  therefore  tried  V  band  detection  with  the  higher  performance 
Pd-Au  film,  and  were  able  to  observe  detection.  The  results  are  shown 
in  Fig.  29. 5  Strangely ,  the  diode  resistance  in  this  case  was  100K  ohm. 

This  led  us  to  conclude  that  the  film  was  probably  not  uniform,  and 
there  are  strips  where  the  film  resistance  is  very  hich. 

To  verify  this,  we  returned  to  the  Pd  strips  we  prepared  previously, 
which  gave  rather  high  film  resistance.  X  band  detection  was  achieved 
and  shown  in  Fig. 29. 6  Film  strip  resistance  reached  150  K  ohm  with 
two  gold  ball  tip  probes. 

We  have  therefore  concluded  that  we  must  proceed  to  film  strips 
with  dimensions  of  mm  to  extract  usable  metal  island  groups  ,  which 
will  provide  good  tunneling  conduction  and  high  diode  resistance. 

Ideal  diodes  should  have  resistance  of  the  order  of  50K  to  100K  ohm. 

Good  tunneling  involves  small  island  separation  and  large  work 
function  difference,  the  former  tend  to  lower  diode  resistance.  Thus, 

Ni  films  are  being  considered  since  nickel  forms  oxide  naturally  with 
extremely  high  resistance  (of  the  order  of  10^  ohm-cm).  Hence,  N'i 
islands  can  be  very  closelv  situated  and  the  resulting  film  can  still 
have  rather  high  resistance.  However,  deposition  of  nickel  must  be 
done  in  high  vacuum,  which  noses  rather  severe  technological  problem. 

We  feel,  nevertheless,  a  vacuum  of  10  ^  Torr  may  be  adequate  due  to 


the  briefness  of  the  deposition  process. 
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Our  point  contact  diode  work  is  still  proercssing  and  has 
helped  us  greatly  in  understanding  the  nature  of  the  disontinuous 
films.  Thus,  the  optimum  oxide  film  thickness  for  rectification 
established  for  the  point  contact  diode  provides  the  guideline  for 
the  deposition  of  thin  films.  Hence  there  is  an  optimum  senaraticn 
of  islands  for  best  diode  response,  especially  in  the  case  of 
dissimilar  metals  both  because  of  the  dependence  of  tunnelinc  on 
metal  separation  and  dependence  of  diode  resistance  on  oxide  lavcr 
thickness  and  resistance. 
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The  discontinuous  MIM  films  we  have  nrepared  so  tar  demonstrate  clearly  j 

the  feasibility  of  achievinq  detection  and  mixino  up  to  V  band.  The  inability 
of  the  films  to  produce  sianals  comparable  to  the  point  contact  MOM  diode 
is  essentially  the  result  of  the  lack  of  the  long  wire  antenna  and  the 
si qni fi cantlv  lower  resistance  of  the  film.  Two  avenues  are  beinq  pursued 
to  alleviate  this  problem.  Working  on  the  definition  that  a  "oood"  island 
aroupinq  is  one  that  has  optimum  island  soacina  for  the  preservation  of  the 
tunnelino  orocess  while  producinq  a  substantial  overall  diode  resistance  of 
the  order  of  kiloohms,  we  can  either  improve  the  film  itself  by  varyina 
the  film  deoosi ti on  rate  or  search  for  best  island  orouninq  by  making  film 
strios  of  the  order  of  the  aoerture  of  the  waveguide. 

Fi In  strips  have  been  prepared  and  tested  up  to  now  with  widths  of  1  mm  or 
less  and  varying  lenoths.  Gold  ball  tios  are  used  as  contacts  for  tappino 
the  si qnal .  Contact  Dressure  is  no  longer  a  stability  factor.  These  probes  still 
allow  us  to  probe  the  strios  for  bets  resistance  paths.  The  detected  sional 
once  realized  is  stable.  To  enhance  detectability,  X  band  oscillator  Dower  is 
raised  to  300  mW  (as  compared  to  10  mW  previously).  Stable  detection  at  X  band 
is  observed  and  shown  in  Fi  n . 3  0  for  Pd-only  films  with  a  film  strip  resistance 
of  K  ohm.  This  low  sional  is  s^  oni  fi  cantlv  enhanced  with  sliaht  lateral 
movement  of  the  probes,  as  demonstrated  in  Fiq.31.  This  is  exactly  the  situation 
in  which  a  better  island  path  has  been  established,  while  film  strip  resistance 
remain  constant.  The  Pd-Au  film  combination  strips  are  then  tested  with 
cr.nsi derab1  v  more  stable  sional  detection  at  a  much  lower  film  strip  resistance 
of  100  ohm  (rio.32..  This  is  a  clear  indication  of  the  superior  detectability  of 
the  combination  film,  since  if  film  resistance  were  of  the  same  order  of  that 
ot  the  Pd-onlv  films,  the  output  siqnal  would  have  been  much  hiaher.  Furthermore, 
so  far  the  Pd-Au  film  is  the  onlv  one  that  will  detect  V  band  radiation  with 

the  same  measure  of  stability.  Mo  stable  detection  is  observed  with  Pd-only  films 
(Fia.  33)  . 
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:>3j .  zilitv  ztudy  of  tr.is  inexpensive  cev;:*. 

?r.  cne  03sc,  che  whisker  tip  was  assayed  co 
retain  rair.tcd  ::':er  penetration  into  the  cxizr 
liver  era  tneoret ically  analysed  cr.  that  basis. 

>  have  fauna  tr.ac,  for  stable  cetection.  che 
whisker  no  hculi  not  rat-air.  oomtac.  rather  a 
ncpri-c  contour  a true  lure  proves  to  be  3b le  to  over- 
core  or  reduce  rost  ct  the  ir.staoilities 


««*  vi  11  thus  report  here  the  secueme  of 
events  that  lesca  to  this  conclusion:  che  oain- 
sta/mt  fuari cation  scucv  chac  has  often  been  over- 
Icc-.ao  ay  vor.'.ers  m  this  area  ana  che  critical 
casta  a:  ms  device  st  M-dand.  7-bar.a  and  in  che 
ir.frrrea  that  snea  light  on  the  alt irate  stable 
cor.:  1  motion. 

y.0'.J  Point  Contact  3iode  ?abr;. cation 

the  MOM  ooinc  concacc  diode  consists  of  a 
tun rs can  wnisker  ana  a  niche i  pose  with  a  natu- 
r -.l;/  grown  chin  oxide  layer.  The  vhistter  ci?  13 
eccneo  :::•  25i3  tungsten  vires  by  the  stand era 
electrolytic  technique,  vnere  the  wire  is  dipped 
into  a  27  KCH  solution  and  an  ac  voiiaze  is  spoiled. 
This  etening  process  is  carefuLly  ronicored  m 
eeros  of  the  voltage  across  the  eiectroaes,  the  Lr- 
rersicn  depth  of  the  tungsten  wire  solution  ana  the 


The  bear  of  a  3.0  vatts  CC2  last  t  1C. sun 
was  chopped  and  focused  onto  the  MCI!  point  contact 
dioce .  lllur.inacicn  v  as  apt  mired  as  to  antenna 
properties  by  the  xye-r  rani  pul  at  icr.  a  f  the  ricro- 
trans^ation  stage. 

Initially,  the  detected  response  was  high  and 
unstable.  The  whisker  used  in  this  test  had  been 
etc.nea  to  be  short  and  sharp  as  in  the  case  of  the 
x-feand.  After  lens  unsuccessful  act  mot  3  tc  sta¬ 
bilize  cr.e  signal  vith  these  vniskers,  ve  finally 
turned  to  leng,  slenaer  and  sharp  whiskers.  As  the 
whisker  penetrated  the  oxide  Layer,  and  contact  pre¬ 
ssure  was  increases,  a  stable  though  non-square 
•ave  response  was  bserved.  Encouraged  bv  this  re¬ 
latively  long-tera  ’table  detection,  whiskers  were 
etchea  carefully  by  controlling  the  ircz:ersion  depth 
and  apoiicu  voltage  to  achieve  a  slenaer  and  sharp 
whisker.  In  reoeac^d  tests  stable  detection  was  ob- 
servea  ar.d  soaare  wav-  response  was  possible  by  var¬ 
ying  contact  orcssur...  The  signal  was  optiaircd, 
and  was  obser/ea  to  follow  the  jpeea  of  the  chooper. 
The  whisker  was  exaained  and  •’ound ,  without  excep¬ 
tion,  to  have  acouired  a  hook  contour.  Variations 
in  hook  contour  are  possible  if  the  fabrication 
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Drac.-as  1 3  net  careful lv  cohere  ilea .  'Je  ire  enus 
ie:  .  j  believe  tr.^r  ve  -.ust  :;r.i  on  apt  mun  sier.Ccr 
rat;;  • the  rat  10  or  ana::  lonetn  : a  cii>  sice). 

This  ror.io  is  tr.e  coveming  factor  of  the  eventual 
ho  ok.  contour  roiljv;?.:  t  id  oenetrocior.  into  the 
oxide  '.aver.  There  ; s  trace  off  oecveen  stability 
ar.c  r  esronsivif  ?nlv  m  t he  sense  wrier.  the  tip  is 
evce. siveiv  nooicea  aecause  of  too  slencer  a  snaft. 
r.'iU.:::..;  m  msui f icasnc  oenecracim  at  the  oxide 
'.aver  ir.c  excessively  larre  contjc:  area. 


.  .  jar.es 
Javan,  A 


.  iw/.clu:':,  A.  sine  net.  ind  »• 
l.  rh vs.  Jett.  15,  2 9f,  < 1 96  ?  * . 


3.  H.  Janie  1  and  M.  Steiner,  Ac?  1 .  ?hys.  25, 


H.  T.  Daniel,  M.  Steiner,  and  H.  Gaither,  Acol. 
?ny a .  226.  : 9 ,  fl9ol). 


The  improvement  in  stability  or.ee  the  hook 
was  ;  a  me  a  vas  d  r  on  a  1 1  c  .  '-«’e  nave  yet  no  long-term 

star i litv  data  Caver  :avs  :r  months ) ,  but  our  rath¬ 
er  casual  handling  nf  tne  cioue  mount  and  reoeated 
oos -rvat ion  of  stao.s  detection  with  a  nootied  no, 
were  convincing  evidence  of  possible  long-tern:  sta- 
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“or  nixing  experiments  with  significant  band¬ 
width,  say  10  GHz ,  ve  resort  ad  to  the  V-oar.c,  The 
experimental  setup  vas  bases  on  3  frequency  nixing 
since  vc  only  not  a  JCHc  spectrum  analyzer.  The 
ex3erir.ir.tal  a  a  .name  is  simitar  to  t.-.at  for  the 
X- oar. a.  V-oar.c  sicr.al  vas  first  xoculcc  ec  and  de- 
tettet  bv  tr.e  MOM  diode,  Vhen  staole  aetection 
was  achieve-,  the  c::::r.t  experiment  vas  oerfcrr.ee 
wit r.  the  tvo  7-banc  sources  at  1  CHc  aoarc.  v rich 
m  turn  vas  ocat  witr.  car-t  raaiation  to  *•* l c _ d  a 
MHc  sicr.al  decoct -id  on  stcr.aarc  .cope. 


Previously  assur.it  ur.ee  a  arable  feature  of 
tr.e  MCM  ocar.t  contact  cicae  are:  free-scanamc , 
lonc-vare  ar.c  sr. arc  tin,  the  forcer  leccing  : -  sus- 
ccr lability  to  vibrations,  and  the  latter  to  ele¬ 
ctric  a  1  ar.c  neat  me  effaces.  Severer,  tr.e  lor.g- 
vi r e  antenna  feature  is  very  cesirooie. 

Tr.e  hooked  whisker  too  autcnaticallv  provides 
sorir.c  ictian  that  cusnians  zc z  -.aricul  .'urations 
ar.c  tr.e  free  sharp  tio,  still  providing  acoc  bi- 
comcai  antenna  orocerrv,  allows  .-.ear  e>roansion 
ar.c  -:eeos  the  excessively  nigh  electrical  tie  Ids 
free  tr.e  junction  ar«a. 

There  is  a  sler.cer  ratio  for  optimum  re- 
socr.se  ana  stability  ar.c  this  can  oe  reorocucea  by 
careful  monitoring  of  the  etching  process. 

Another  very  mt ares cmg  fall— out  or  our  ef¬ 
forts  so  far  is  the  coafirrution  that  oresent  an- 
canr.a  ucaels  casea  on  tne  bicor.icai  antenna  is  not 
practical  and  ve  suspect  that  revisions  must  also 
be  mace  in  the  modeling. 
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